Compared with isolated single-walled carbon nanotubes (SWNTs), thermal conductivity is greatly impeded in SWNT bundles; however, measurement of the bundle size effect is difficult. In this study, the number of SWNTs in a bundle was determined based on the transferred horizontally aligned SWNTs on a suspended micro thermometer to quantitatively study the effect of the bundle size on thermal conductivity. Increasing bundle size significantly degraded the thermal conductivity. For isolated SWNTs, thermal conductivity was approximately 50001000 Wm 1 K 1 at room temperature, three times larger than that of the four-SWNT bundle.
ABSTRACT:
Compared with isolated single-walled carbon nanotubes (SWNTs), thermal conductivity is greatly impeded in SWNT bundles; however, measurement of the bundle size effect is difficult. In this study, the number of SWNTs in a bundle was determined based on the transferred horizontally aligned SWNTs on a suspended micro thermometer to quantitatively study the effect of the bundle size on thermal conductivity. Increasing bundle size significantly degraded the thermal conductivity. For isolated SWNTs, thermal conductivity was approximately 50001000 Wm 1 K 1 at room temperature, three times larger than that of the four-SWNT bundle.
The logarithmical deterioration of thermal conductivity resulting from increased bundle size can be attributed to the increased scattering rate with neighboring SWNTs based on the kinetic theory.
KEYWORDS: single-walled carbon nanotube, bundle size effect, horizontally aligned, thermal conductivity Carbon nanotubes (CNTs) have been widely used and examined for electronic applications, such as field-effect transistors, 1, 2 but the working stability and durability of CNT electronics are highly dependent on the thermal behavior of CNTs. Therefore, understanding the relation between the thermal transport properties of individual CNTs and their nanoscale structure will be useful for the future design of CNT electronics. Thermal conductivity of suspended monolayer graphene is one order of magnitude larger than that of supported monolayer graphene, due to the suppression of flexural phonons by interface scatterings in the latter. 3, 4 The thermal conductivity of suspended multi-layer graphene is proved to be much lower than that of monolayer graphene because of interplanar phonon-phonon interactions that similarly suppress flexural acoustic modes transport. 5 
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When comparing isolated single-walled carbon nanotubes (SWNTs) with bundled SWNTs, previous studies 6, 7 show a similar decrease in the thermal conductivity of the latter; however, computational simulation 8 indicates only a slight difference in the conductivity values of isolated and bundled SWNTs. On account of the difficulty of sample preparation, the bundle size of SWNTs can hardly be controlled and determined; therefore, the relation between the thermal conductivity and the bundle size of SWNTs has seldom been studied to account for inter-tube interactions. In the present work, such a quantitative study was achieved by employing an experimental design allowed for the bundle size to be selectively chosen based on the transferred horizontally aligned SWNTs.
To study the thermal properties of individual SWNTs, suspended platinum resistance thermometers 6 were fabricated; the horizontally aligned SWNTs 9 (HA-SWNT) were grown on a crystal quartz substrate and then transferred onto the micro thermometers using poly(methyl methacrylate) (PMMA). 10 During the decomposition of PMMA by annealing at 400 °C for several hours, some SWNTs converged and formed ribbon-like bundles 11 over the gap between two thermometers, but the supported fractions of SWNTs on the thermometers remained well-aligned and dispersed. This substantially increased the overlapped area of supported SWNTs on substrate, making thermal boundary resistance (TBR) negligible in the present work. The substrate-induced alignment of SWNTs highly suppresses bundle formation during growth, 12 especially when the SWNT density is low by adjusting the growth conditions, as we did in this study. 9 The ready-forthermal-measurement samples were examined using scanning electron microscope (SEM) and transmission electron microscope (TEM). Both examinations confirmed that the number of SWNTs in a bundle could be determined by counting the extended SWNTs on the thermometers.
Meanwhile, the background thermal conductance was measured on a micro device without 4 suspended SWNTs from the same batch-fabricated chip; this is because the micro thermometer devices from the same chip can be treated as identical given that they have gone through the same fabrication processes. The thermal conductance measurements and sample identification in SEM and TEM were performed on the same isolated SWNTs or SWNT bundles across the two suspended micro thermometers as shown in Figure 1 , and the method was originally invented by Shi et al. 6 Four SWNT samples and the background thermal conductance, were measured in the present work, as shown in Figure 2 . The measured thermal conductance is increasing with temperature first and then saturates at around 300 K, in accordance with previous theoretical predictions 13, 14 and other experimental observations. 15, 16 Therefore, thermal conductance of SWNT samples is determined by Gs = Gs,m -Gbg, in which Gbg is the polynomial fitting of background thermal conductance at corresponding temperature, as the black solid line shows in Figure 2 . ) developed for CNT-SiO2 interactions using molecular dynamics simulations that consider the lattice contributions to thermal transport 17, 18 was adopted; and this approximation is in good agreement with previous analyses and measurements.
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Using the fin heat transfer model, 22, 23 the TBR can be calculated by TBR   ;  is the thermal conductivity 8 of SWNT, A the cross-sectional area of one SWNT and Lc the contact length is large enough to fully thermalized SWNT with supporting membrane. 24 The average diameter D of an SWNT is 1.8 nm (based on the diameter distribution on quartz growth from a previous study 12 and the TEM characterization in this study), and the strength of the van der Waals interaction χ is assumed to be 2. That was owing to significantly improved contacts by annealing after horizontally aligned SWNT transfer with PMMA in comparison with the direct growth of CNTs [25] [26] [27] on micro thermometers or CNT solution dropping, 6 so the SWNTs after PMMA decomposition were still well aligned on the membranes; the extended SWNTs of the bundles on the thermometers were still dispersed and the suspended parts were fairly straight, as shown in the SEM images in Figure   1 . The results showed that TBR was two orders of magnitude lower than the measured total thermal resistance of S1 (less than 5% of the total thermal resistance), making the contact resistance in the present insignificant, so we ignored it in the later calculation of effective thermal conductivity with the uniform temperature distribution on the membranes. 28 Sample S1 comprised three individual SWNTs across the 5 μm gap of the micro thermometer device, as shown in Figure 1 , in which numbers 1 to 3 indicated the extended ends of the SWNTs on the thermometers. The three other SWNT samples evaluated in this study were B1, B2, and B3, which corresponded to SWNT bundles comprising four, eight, and thirteen SWNTs, respectively.
There were tens of micrometers long transferred horizontally aligned SWNTs on both thermometers, keeping the suspended part very straight over the gap. After removing the background thermal conductance from the measured thermal conductance of the samples, the effective thermal conductivity of the samples was calculated as  = GsL/As, where L is the length of the suspended SWNTs and As is the cross-sectional area of the samples. The cross-sectional area of a sample was calculated as nπδD, where n is the number of SWNTs in the sample, δ equals 9 0.34 nm 29 which corresponds to van der Waals thickness of monolayer graphene. Figure 3 shows the effective thermal conductivity  obtained for the isolated SWNTs (S1) and the SWNT bundles (B1, B3, and B3). Initially, the thermal conductivity increases with temperature, after which it reaches to saturate around room temperature. The isolated SWNTs have the highest thermal conductivity, and this is in agreement with previous reports.
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The thermal conductivity is much lower in the SWNT bundles, as indicated in Figure 3 , and decreases with the increasing size of bundles. Besides, Figure   4 presents the effective thermal conductivity that logarithmically decreases with the increasing number of SWNTs in a bundle; however, it is at a decreasing rate. In consideration of the length 1 0 dependency of thermal conductivity [31] [32] [33] and B3 is half of the length of the others, the decrease of thermal conductivity from B2 (eight-SWNT bundle) to B3 (thirteen-SWNT bundle) is inconspicuous. This degradation of thermal conductivity that results from the formation of bundles can be attributed to the inter-tube interactions that strongly increase phonon scatterings involving phonons from neighboring SWNTs, 34 and it has been observed in other experiments. 6, 7, 26, 35, 36 Shi et al. 6 measured that the thermal conductivity of 10 nm diameter SWNT bundle is two orders of magnitude larger than that of 148nm diameter bundle, and even one more order of magnitude larger in the isolated SWNT. 7 In the work of Hsu et al., 26 the thermal conductivity of four-SWNT bundle can be several times larger than that of five-SWNT bundle with similar length. Within the frame work of kinetic theory, 37 the thermal conductivity in insulators or semiconductor materials can be expressed as , where C is the lattice volumetric specific heat, v is the average speed of the corresponding phonons, and τ is the relaxation time. Additionally, τ is the reciprocal of the scattering rate (γ) between phonons. For an isolated SWNT, its average scattering rate is γis, and the addition of N SWNTs increases the scattering rate by γbu (N), which is proportional to the increased number of interactions (n) per nanotube in the bundle.
;
bu(N)  Number of interactions per nanotube (n/N) Therefore, the thermal conductivity in SWNT bundle can be expressed as  is much larger than 1 in SWNT bundles as shown in the following, leading to a serious deterioration in thermal conductivity as the experiments revealed.
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The thermal conductivity is inversely proportional to the phonon scattering rate; with the increase of bundle size, the probability of scatterings with the neighboring SWNTs increases, so that the thermal conductivity will decrease with more SWNTs in bundle. The experimental data was fitted with the equation above, as shown by the solid lines in Figure 4 . Parameter κis can be referred to the measured value of isolated SWNT in this measurement, and the specific heat of carbon nanotubes increases with temperature indicated in a measurement with millimeter-long aligned multi-walled CNT over the temperature range of 10-300 K, 38 and the average group velocities of acoustic phonons that contribute the most to heat transfer hardly depend on temperature. 37 Furthermore, the scattering rate in an isolated SWNT γis increases with temperature due to the enhanced lattice vibration. Therefore, parameter κis has the same trend as the measured value with increasing temperature; parameter σ will decrease with temperature due to the increase of γis and that the temperature effect on γbu (N) has not been considered here, as presented in Figure 5 . In this model, at around room temperature, thermal conductivity will be reduced to 1/10 by bundling with four SWNTs, 1/13 for eight-SWNT bundle, and 1/15 for thirteen-SWNT bundle. The decreasing rate of interactions between SWNTs with bundle size is also obvious in Figure 5 The fitting curves deduced from the kinetic theory above are in the same trend with the measurements shown in Figure 4 , indicating that the interactions with neighboring SWNTs is inelastic scattering that strongly quenches the phonon modes in the SWNTs leading to the very low thermal conductivity of bundled SWNTs. Therefore, the interactions between SWNTs are probably much stronger or more complex than that predicted by previous studies. 8, 39 It has been reported that the superior thermal conductivity in monolayer graphene 40 is worsened by being in contact with a substrate, 
